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Abstract Absence through mutation of two proteins involved in 
periplasmic disulphide bond formation, DsbA and DsbB, results 
in failure of anaerobically grown Escherichia coli to synthesise 
the holo forms of either its endogenous c-type cytochrome nitrite 
reductase or exogenous cytochrome c550 from Paracoccus 
denitrificans. The synthesis of both cytochromes can be restored 
to the mutants by inclusion in the growth media of compounds 
containing disulphide bonds, e.g., the oxidised form of glu- 
tathione. The results suggest hat the attachment of haem to the 
CXXCH motif of a periplasmic c-type cytochrome may be 
preceeded by the formation of one or more intra- or inter- 
molecular disulphide bonds involving the cysteine residues of this 
motif. 
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1. Introduction 
to two cysteines as part of their catalytic activity. The se- 
quence CXXCH provides, together with a methionine r sidue 
found many residues further towards the C-terminus of the 
polypeptide, the haem attachment site for a c-type cyto- 
chrome. Many lines of evidence (e.g., [7-9]) indicate that 
such haem attachment occurs in the periplasm (reviewed in 
[10,11]). Thus the CXXCH motifs in polypeptides destined to 
become c-type cytochromes have to be recognised ifferently 
from the similar motifs in the Dsb proteins. The requirement 
for dsbD in c-type cytochrome biogenesis [1,4] suggests that 
any differential recognition is not such that a cytochrome 
polypeptide is excluded from interaction with the Dsb pro- 
teins. In the present paper we report the consequences for c- 
type cytochrome biogenesis of deficiency in dsbA and dsbB 
genes and the extent o which these deficiencies can be over- 
come by inclusion of disulphide-containing compounds in the 
growth medium. Certain such compounds are already known 
to restore disulphide bond formation in the periplasm in dsb 
minus backgrounds [12,13]. 
Proteins that function in the periplasm of the Gram-nega- 
tive bacteria frequently undergo post-translational modifica- 
tions. Prominent amongst hese are the formation of disul- 
phide bonds and the covalent attachment of haem to give c- 
type cytochromes. At first sight, these two types of process 
seem unrelated, but it has been shown that the gene dsbD [1- 
3] (initially called dipZ [1] and cutA2 [3]), coding for a mem- 
brane-anchored protein with its catalytic site for disulphide 
isomerase activity located in the periplasm, is required in Es- 
cherichia coli for biogenesis of both endogenous and exogen- 
ous c-type cytochromes [1,4]. Deficiency in c-type cytochrome 
biogenesis could be corrected by inclusion in the growth me- 
dium of either e-cysteine or coenzyme M, 2-mercaptoethane 
sulphonic acid [4]. More recently a mutant of E. coli unable to 
synthesise ndogenous multi haem c-type cytochromes has 
been shown to be defective in the d~bA gene which codes 
for an enzyme catalysing disulphide bond formation in the 
bacterial periplasm [5]. 
Not only DsbA and DsbD but also DsbC participate in the 
formation of disulphide bonds in the periplasm and each has 
sequence motifs CXXCZ, with Z notably being H in the case 
of DsbC [6]. The two cysteines of these motifs are known to 
undergo cycles of oxidation to a disulphide and re-reduction 
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2. Materials and methods 
2.1, Chemical compounds 
Disulphide compounds used in this study were L-cystine dihy- 
drochloride, D-cystine, cystamine dihydrochloride and oxidized glu- 
tathione (GSSG) disodium salt, all of which were purchased from 
Sigma, St. Louis, MO. 
2.2. Bacterial strains, plasmid and growth conditions 
The E. coli K12 strains used were JCB570 (parent strain) and its 
derivatives, JCB571 carrying the dsbA::kanl mutation and JCB789 
carrying the dsbB::kanl mutation [12,14]. These E. coli strains were 
transformed by the plasmid pKPD1 [9] which carries the wild-type P. 
denitrificans cytochrome c550 gene under the control of tac promoter 
of the original vector pKK223-3 (ampicillin resistance, Pharmacia). 
The transformed cells were grown in 2 ml of LB media overnight, 
and then 50 ~tl of fresh cells were inoculated into 15 ml conical tube 
filled with anaerobic minimal media [15] supplemented with 2.5 mM 
nitrite and 40 mM fumarate as electron acceptors, 0.4% (w/v) glycerol 
as a carbon source, and thiamine (1 ~tg/ml). To demonstrate the effects 
of disulphide compounds, freshly made stocks of these compounds in
the same liquid media were diluted into the tubes. The antibiotics 
ampicillin (50 /ag/ml) and kanamycin (25 txg/ml) were added to the 
media when required. The tubes were tightly screw capped and the 
cultures were incubated for 17 h at 37°C without shaking. 
2.3. General methods 
Molecular cloning methods were according to the procedures de- 
scribed by Sambrook et al. [16]. Fractionation of periplasmic protein 
from E. coil cells was performed by the cold osmotic shock procedure 
described previously [17,18]. SDS-PAGE was performed according to 
Laemmli [19] using 12.5% (v/v) acrylamide gels. 
2.4. Quantitative d termination f expressed holo-cytochrome c550 
The periplasmic protein fractions were subjected to SDS-PAGE. 
The amount of exogenously expressed P. denitrificans holo-cyto- 
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chrome c~50 in the periplasmic fractions was evaluated by densito- 
metric scans of haem-stained SDS gels [20]; a series of known 
amounts of purified cytochrome c~50 was electrophoresed simulta- 
neously as standards for the quantitative analysis. Gel scans were 
performed with a Bio-Rad Automatic DNA Sequence Reader and 
band intensities were analyzed by using IMAGE QUANT (Molecular 
Dynamics). The intensity of haem stain for a given amount of c-type 
cytochrome varies between individual gels. Consequently, for quanti- 
tation the following procedure was adopted. Each gel was loaded with 
several different amounts of cytochrome c550 in a range that had 
previously been established to give a linear response between the 
logarithm of the intensity of haem staining and the amount of protein 
loaded. The test material, periplasmic fraction from a dsbA or dsbB 
grown with a given amount of oxidised glutathione present, was 
loaded at several different protein concentrations onto a gel which, 
in each case, also had lanes containing at least hree different amounts 
of the standard protein. 
2.5. Alkaline phosphatase activity 
Endogenous alkaline phosphatase (AP) activities from the periplas- 
mic protein fractions were measured essentially according to Brick- 
man and Beckwith [21] with some modifications. One millilitre of the 
suitably diluted periplasmic protein solutions in 50 mM Tris-HC1 (pH 
8.0) were added to 0.1 ml of phosphatase substrate Sigma 104 (0.4% 
w/v) in 50 mM Tris-HCl (pH 8.0) and incubated at 37°C. The reac- 
tions were stopped by adding 0.1 ml of 1 M KH2PO4. The increase in 
absorbance at 420 nm was measured. 
3. Results 
3.1. Chemical rescue of dsbA and dsbB mutations 
Both the dsbA and dsbB mutations resulted in a complete 
loss of c-type cytochromes in the periplasm of E. coli, exem- 
plified by either endogenous E. coli tetrahaem cytochrome 
c552, otherwise known as nitrite reductase, or exogenous P. 
denitrificans cytochrome c550. This result can be seen by con- 
trasting the extreme left hand lane in panel A of Fig. 1 with 
the corresponding lanes in panels B and C. c-Type cyto- 
chromes were also completely absent from spheroplast frac- 
tions prepared from dsbA or dsbB mutants (data not shown). 
Addition of the disulphide compounds, L-cystine, D-cystine, 
cystamine (all at 1 raM) or GSSG (5 mM) to the growth 
media restored c-type cytochrome formation in both mutants. 
Of the compounds restoring the cytochrome synthesis, GSSG 
was studied in more detail. 
3.2. Effects of GSSG on the amount of cytochrome c5~0 and 
alkaline phosphatase activity 
The presence of up to 16.5 mM added GSSG had little 
effect on the expression of cytochromes c5~0 (from P. denitri- 
ficans) or c552 (endogenous) in wild-type cells (Fig. 1A). How- 
ever, the synthesis of the holo forms of both P. denitrificans 
cytochrome c550 and E. coli cytochrome c552 (nitrite reductase) 
by the dsbA and dsbB mutants was enhanced by inclusion of 
increasing amounts of GSSG in the medium. Interestingly, 
judging from the intensities of the haem staining bands, the 
expression levels for both the endogenous and exogenous cy- 
tochromes c showed a similar dependence on the concentra- 
tion of GSSG in the two mutant backgrounds (Fig. 1B,C). 
The quantitative relationships between amount of holo-cy- 
tochrome e550 and GSSG concentration are shown in Fig. 2. 
AP, a periplasmic protein that requires disulfide bonds for 
function, activity was also restored by GSSG in the two mu- 
tants, essentially in parallel to the amount of cytochrome c550 
formed in each case (Fig. 2B,C). However, the restoration 
pattern in the dsbA mutant did not exactly parallel that in 
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the dsbB mutant. In the former the restoration levels reached 
a plateau value gradually as the GSSG concentration was 
raised to 4.5 mM, while in the latter case a lower concentra- 
tion (1 mM) was sufficient to attain the maximum level of 
formation of AP and holo-cytochrome c550. These results 
are consistent with the observations of Bardwell et al. [12] 
and Dailey and Berg [13], who reported that higher concen- 
trations of disulphide compounds, GSSG ( > 10 mM) or cys- 
tine (8.6 mM) were required to restore the dsbA phenotype 
compared with restoration of dsbB mutation, indicating that 
these oxidants can substitute for the DsbB function, but not 
for DsbA itself. The higher concentrations of oxidants might 
permit direct oxidation of substrate proteins in the dsbA back- 
ground without any involement of DsbB. The extent to which 
alkaline phosphatase activity is lost in dsbA and dsbB back- 
grounds is reportedly variable [6,14,22,23], but a maximum 
activity loss of 60-fold [14] and restoration by cystine have 
been reported previously [23]. 
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Fig. 1. The effect of inclusion of varying concentrations of oxidised 
glutathione (GSSG) in the growth medium of (A) wild type; (B) 
dsbA- and (C) dsbB- E. coli upon the synthesis of an endogenous 
and an exogenous c-type cytochrome. The synthesis of E. coli cyto- 
chrome c55~, nitrite reductase, (ECc552) and P. denitrificans cyto- 
chrome e550 (PDc550) was followed by staining SDS-PAGE for 
covalently attached haem. The concentrations of GSSG initially 
present in the growth media are indicated at the tops of the lanes. 
Periplasmic protein (7/ag) was loaded on to each lane. Lane M in- 
dicates loading of a sample (0.4 lag protein) of pure P. denitrifieans 
cytochrome c550. 
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Fig. 2. Quantitation of the effect of GSSG in the growth medium upon the formation of alkaline phosphatase (AP) activity (e) and P. denitrifi- 
cans cytochrome css0 (©) in (A) wild type; (B) dsbA- and (C) dsbB E. coli. Quantitation of haem staining was done as described in Section 2. 
The cytochrome css0 contents (means of two independent assays) are expressed as ng/gg of total periplasmic protein. Error bars are shown for 
alkaline phosphatase activity (determined from two independent cultures, for which each set of measurements was done in duplicate). 
4. Discussion 
The new findings presented in this paper are: (i) DsbA is 
required for synthesis of an exogenous mono haem c-type 
cytochrome in E. coli; (ii) DsbB is required for synthesis of 
both this exogenous c-type cytochrome and the endogenous c-
type cytochromes; (iii) not only each of these types of cyto- 
chrome, but also alkaline phosphatase activity, are restored in 
parallel in cells with dsbA or dsbB mutations when cells are 
grown anaerobically in the presence of an oxidant carrying a 
disulphide bond. , 
The first of these findings complements he observations of 
Metheringham et al. [5] where it was shown that endogenous 
multihaem c-type cytochromes of E. coli are formed only in 
the presence of active DsbA. In discussing the latter observa- 
tions it was noted that the requirement for DsbA might be 
because a component of the c-type cytochrome biogenesis 
machinery may require a disulphide bond, formed by the ac- 
tion of DsbA, for function [5]. The CaaaaC motif in the 
CcmH (also known as Cc12) protein [24,25] could, for exam- 
ple, present such a requirement. An alternative suggestion [5] 
for the role of DsbA was that it would correctly lock pairs of 
cysteines within each CXXCH motif of the polypeptide chain 
of the multihaem cytochromes before subsequent attachment 
of the haem. Alternatively, either the weak disulphide isomer- 
ase activity of DsbA alone [26], or DsbA in combination with 
the isomerase DsbC [26], may be required to ensure that un- 
wanted cross disulphide bonds between different CXXCH mo- 
tifs do not form. Yet another possibility is that without this 
type of activity the haem might be attached to two cysteines 
of different CXXCH motifs. The present finding that a mono- 
haem c-type cytochrome requires DsbA for its expression in 
E. coli argues against these last three possibilitites, but is 
consistent with proposals that disulphide bond formation 
within the CXXCH motif of a c-type cytochrome, or between 
this motif and thiol groups on other proteins, is an obligatory 
step on the route leading to covalent attachment of haem to 
the two cysteines [4,5]. This would be consistent with our 
recent finding [27] that replacement of either of the cysteines 
in the CXXCH motif of cytochrome c550 results in the expres- 
sion in the E. coli periplasm of apo-proteins, whereas in eu- 
karyotic systems it is known that haem is covalently attached 
to a single cysteine in an AXXCH motif of a mitochondrial 
cytochrome c [28]. 
The present finding that both endogenous and exogenous 
holo c-type were not formed in the dsbA and dsbB mutants 
shows that, as in other processes, DsbB probably serves as a 
partner to DsbA. The finding that the phenotypes of the dsbA 
and dsbB mutants related to c-type cytochrome and alkaline 
phosphatase formation were rescued in parallel by the addi- 
tions of disulphide compounds into the E. coli growth media 
strongly suggests that the DsbA-DsbB system functions as a 
provider of oxidising power during the formation of holo- 
cytochromes c.
In previous work we have shown that specific thiol com- 
pounds, L-cysteine and coenzyme M could complement the 
dsbD mutation with respect to cytochrome c biosynthesis 
[4], The interpretation was that the DsbD is usually a provider 
of reductant in the periplasm, a view consistent with the pro- 
posals of others [1,2,5]. Thus the pathway of c-type cyto- 
chrome biogenesis after polypeptide translocation into the 
periplasm requires both thiol-disulphide r ducing and oxidis- 
ing powers generated by the DsbD and DsbA-DsbB system, 
respectively. This synergism means c-type cytochromes are 
processed under a subtle balance of thiol-disulphide intercon- 
version to become holo proteins, probably sequentially under- 
going oxidation and then reduction, rather than being pro- 
tected from the oxidising power of the DsbA/B system as has 
been suggested [29]. Such thiol-disulphide redox balancing 
mechanisms in the periplasm could also in part explain the 
identification of periplasmic and thioredoxin-like proteins that 
are required for c-type cytochrome biogenesis in other bacter- 
ia [30,31]. It is notable that evidence in favour of CcmG, an 
example of such a thioredoxin-type rotein, acting as a peri- 
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plasmic disulphide reductase in P. denitrificans has recently 
been obtained (M.D. Page and S.J. Ferguson, unpublished 
results). The latter protein, also known in E. coli as DsbE 
[2], might transfer educing power from DsbD to periplasmic 
targets in similar fashion to the transfer to targets by DsbA of 
oxidising power provided by DsbB. This provision of reducing 
power is apparently not compromised with respect o c-type 
cytochrome biogenesis at the concentrations of GSSG used 
here. 
It is clearly important hat experimental methods now be 
developed to address the technically difficult question as to 
whether CXXC motifs in apocytochromes, or in components 
required for their synthesis, do form disulphide bridged struc- 
tures. 
Acknowledgements." We thank Helen Crooke, Jeff Cole and Dudley 
Page for advice and helpful discussions. Y.S. was supported by a 
Wellcome Trust International Fellowship (0386621Z1931Z). We thank 
Dr. J. Bardwell for supplying the dsb strains, along with John Elder 
and Ed Southern for allowing us to use the IMAGE QUANT SYS- 
TEM. 
References 
[1] Crooke, H. and Cole, J.A. (1995) Mol. Microbiol. 15, 1139-1150. 
[2] Missiakas, D., Schwager, F. and Raina, S. (1995) EMBO J. 14, 
3415-3424. 
[3] Fong, S., Camakaris, J. and Lee, B.T.O. (1995) Mol. Microbiol. 
15, 1127-1137. 
[4] Sambongi, Y. and Ferguson, S.J. (1994) FEBS Lett. 353, 235 
238. 
[5] Metheringham, R., Griffiths, L., Crooke, H., Forsythe, S. and 
Cole, J. (1995) Arch. Microbiol. 164, 301-307. 
[6] Missiakas, D., Georgopoulos, C. and Raina, S. (1994) EMBO J. 
13, 2013-2020. 
[7] Page, M.D. and Ferguson, S.J. (1989) Mol. Microbiol. 3, 653- 
661. 
[8] Page, M.D. and Ferguson, S.J. (1990) Mol. Microbiol. 4, 1181- 
1192. 
Y. Sambongi, S.J. Fergusonl FEBS Letters 398 (1996) 265-268 
[9] Sambongi, Y. and Ferguson, S.J. (1994) FEBS Lett. 340, 65 70. 
[10] Thony-Meyer, L., Ritz, D. and Hennecke, H. (1994) Mol. Micro- 
biol. 12, 1-9. 
[11] Howe, G., and Merchant, S. (1994) Photosynthesis Res. 40, 147- 
165. 
[12] Bardwell, J.C.A., Lee, J., Jander, G., Martin, N., Belin, D. and 
Beckwith, J. (1993) Proc. Natl. Acad. Sci. USA 90, 1038-1042. 
[13] Dailey, F.E. and Berg, H.C. (1993) Proc. Natl. Acad. Sci. USA 
90, 1043-1047. 
[14] Bardwell, J.C.A., McGovern, K. and Beckwith, J. (1991) Cell 67, 
581 589. 
[15] Darwin, A., Tormay, P., Page, L., Griffiths, L. and Cole, J.A. 
(1993) J. Gen. Microbiol. 139, 1829-1840. 
[16] Sambrook, J., Fritsch, E.F. and Maniatis, T. (1989) Molecular 
Cloning: A Laboratory Manual, 2nd edn., Cold Spring Harbor 
Laboratory Press, Cold Spring Harbor, New York. 
[17] Neu, H.C. and Heppel, L.A. (1965) J. Biol. Chem. 240, 3685- 
3692. 
[18] De Sutter, K., Remaut, E. and Fiers, W. (1992) Mol. Microbiol. 
6, 2201-2208. 
[19] Laemmli, U.K. (1970) Nature 227, 680-685. 
[20] Goodhew, C.F., Brown, K.R. and Pettigrew, G.W. (1986) Bio- 
chim. Biophys. Acta 852, 288-294. 
[21] Brickman, E. and Beckwith, J. (1975) J. Mol. Biol. 96, 307-316. 
[22] Kamitani, S., Akiyman, Y. and Ito, K. (1992) EMBO J. 11, 57- 
62. 
[23] Shevchik, V.E., Condemine, G. and Robert-Baudouy, J. (1994) 
EMBO J. 13, 200%2012. 
[24] Thony-Meyer, L., Fischer, F., Kunzler, P., Ritz, D. and Hen- 
necke, H. (1995) J. Bacteriol. 177, 43214326. 
[25] Grove, J., Tanapongpipat, S. Thomas, G., Griffiths, L. Crooke, 
H. and Cole, J. (1996) Mol. Microbiol. 19, 467481. 
[26] Zapun, A., Missiakis, D., Raina, S. and Creighton, T.E. (1995) 
Biochemistry 34, 5075-5089. 
[27] Sambongi, Y., Stoll, R. and Ferguson, S.J. (1996) Mol. Micro- 
biol. 16, 1193-1204. 
[28] Tanaka, Y., Kubota, I., Amachi, T., Yoshizumi, H. and Matsu- 
bara, H. (1990) J. Biochem. 108, 7-8. 
[29] Bardwell, J.C.A. (1994) Mol. Microbiol. 14, 199-205. 
[30] Beckman, D.L. and Kranz, R.G. (1993) Proc. Natl. Acad. Sci 
USA 90, 2179-2183. 
[31] Vargas, C., Wu, G., Davies, A.E. and Downie, J.A. (1994) 
J. Bacteriol. 176, 41174123. 
